Abstract
Introduction
Epithelial ovarian cancers (EOCs) are the leading cause of gynecologic cancer death in the developed world [1] . EOC are histologically classified into four major subtypes: serous, clear cell, endometrioid, and mucinous. Of these, the mucinous type has been the least studied, probably because of its less frequent incidence, comprising about 3% or less of EOCs [2] . Mucinous tumors are morphologically distinct from all other epithelial ovarian cancers. They tend to be borderline or low grade, have an indolent course and a favorable prognosis, and occur in young female smokers. Some mucinous ovarian tumors (MOTs) have been shown to arise from germ cell tumors [3] . This has raised the hypothesis that these tumors might arise from a different cell of origin than other EOCs.
Morphologically, MOTs closely resemble a rare pancreatic tumor, mucinous cystic neoplasm (MCN) (Figure 1 ). MCN is distinct among pancreatic lesions by the presence of a unique ovarian-like stroma [4] . MCN, like MOT, is typically a low-grade neoplasm that occurs mainly in young women. Like MOTs, MCNs tend to be indolent, usually localized to the body and/or tail of the pancreas [5, 6] . Whole-exome sequencing studies have revealed molecular similarities between MOT and MCN, with mutations at similar frequencies in RNF43 and KRAS [7, 8] . However, if MOT and MCN are somehow related, why do MCNs arise mainly in women (sex ratio 1:10), in the pancreas (a non-gynecologic organ), and why do they have such specific anatomic localization in the body/tail of the pancreas?
In human embryos, the precursors of gametes, termed primordial germ cells (PGCs), are initially located in extragonadal regions (yolk sac) at the third week of development and migrate caudally [9] . In the 5-week-old embryo, PGCs reach the dorsal mesentery, which becomes the body, tail, and isthmus of the pancreas. PGCs then continue to move laterally around both sides of the coelomic angle, pass beyond the primitive mesonephros bodies, and eventually enter the gonadal ridges at the ninth week [9] . This raises the possibility that MOT and MCN could derive from a common embryologic precursor, PGCs that stopped in the body or tail of the pancreas during their migration to the gonads.
Here, we consider the possibility of a biological relationship among ovarian and pancreatic mucinous tumors based on the gene expression patterns of tumor and normal tissue samples. We demonstrate that the closest normal cell type to either of these tumors is in fact the PGC, rather than either pancreatic or gynecologic epithelia. We suggest that MOT and MCN may be related tumors and more properly be classified as unusual germ cell tumor variants.
Materials and methods

Ethics approval
Review of patient medical records and use of archival specimens were approved by the Brigham and Women's Hospital Institutional Review Board Protocols 2013P000553 and 2016P002742.
Isolation and gene expression profile of human PGCs
Data were pooled from two published gene expression datasets [10, 11] . We used gene expression profiles from 8-to 11-week human PGCs (one male and one female) [10] (E-MTAB-6851). As described by the authors, PGCs had been isolated using magnetic cell sorting technology (MACS) and indirect labeling of cells with magnetically tagged goat anti-mouse IgM antibodies toward a mouse anti-SSEA1 antibody [Miltenyi Biotec, Bergisch Gladbach, Germany, clone REA321; diluted (1:5)] [10] . To analyze gene expression profiles, the Affymetrix ® Human U133 Plus 2.0 GeneChip (Affymetrix, Santa Clara, CA, USA) was used. In addition, single-cell RNA-sequencing data were obtained from five samples of human female PGCs from week 4 to week 11 (GSE63818) (see supplementary material, Table S1 ) [11] . For that study, human gonads from 7-to 11-week embryos were dissected in Dulbecco's phosphate buffered saline (DPBS) (plus 1% fetal bovine serum). The gonads were washed in DPBS twice before digestion in 250 μl of Accutase Cell Detachment Solution (Millipore #SCR005; Merck KGaA, Darmstadt, Germany) for 5 min at 37 ∘ C. For the isolation of pure human PGCs from 7-to 11-week embryos, 100 μl of FcR Blocking Reagent and 100 μl of CD117 MicroBeads (#130-091-332; Miltenyi Biotec) were added to the 300 μl of gonad cell suspension and mixed well by gently pipetting. After magnetic enrichment, the fraction containing PGCs (CD117-positive cells) was further sorted by BD FACSAria (BD Biosciences, Franklin Lakes, NJ, USA), and CD117-positive cells were collected for downstream analysis. The purity of PGCs was assayed by immunostaining for OCT4 and single-cell RT-qPCR for human OCT4 transcripts.
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For 4-week embryos, the aorta-gonads-mesonephros regions were dissected and a single-cell suspension was obtained by digestion with Accutase. Then the cell suspension was inspected under the microscope carefully and the large cells (less than 0.1%) were manually picked out with a mouth pipette. For RNA sequencing, a DNA library prep kit for Illumina ® (New England Biolabs Inc, Ipswich, MA, USA) was used to prepare the sequencing library following the manufacturer's protocol. Libraries were pooled and sequenced on Illumina ® HiSeq2500 (Illumina Inc, San Diego, CA, USA) sequencers using 100-bp paired-end sequencing, as previously described [11] .
Gene expression profile of pancreatic and ovarian samples Data were pooled from several published gene expression datasets [12] [13] [14] [15] [16] (see supplementary material, Table S1 ). We compiled gene expression data from 16 samples of normal pancreatic tissue (GSE16515) [16] , 36 pancreatic ductal adenocarcinomas (PDACs) (GSE16515) [16] , the epithelial component of seven microdissected MCNs of the pancreas (E-MTAB-6853) [13] (two distinct samples from MCN4 were analyzed), the epithelial component of eight microdissected mucinous borderline ovarian tumors (MBOTs) and nine microdissected invasive mucinous ovarian carcinomas (MOCs) (E-MTAB-6844) [12] , 24 microdissected samples of Fallopian tube epithelium (FT) (GSE10971) [14] , the epithelial component of 13 microdissected high-grade serous ovarian carcinomas (HGSOCs) (GSE10971) [14] , and six microdissected samples of ovarian surface epithelium (OSE) (GSE40595) [15] . All array expression data were generated with Affymetrix ® microarrays (Affymetrix, Santa Clara, CA, USA). Our raw data are available at ArrayExpress (https://www.ebi .ac.uk/arrayexpress/): E-MTAB-6844, E-MTAB-685, and E-MTAB-6853.
Data processing
For all array expression datasets, we recovered the raw data in the form of .CEL files, which were imported and processed in the R language and environment for statistical computing [17] . Raw data from each dataset was treated with the Robust Multi-array Average (RMA) algorithm [18] , from the 'Affy' BioConductor package [19] using default settings. For genes mapping to multiple probes, the mean expression was used as a gene-level summary. Batch effects were attenuated by using a previously published list of endogenous control genes [20] to correct for unwanted variation [21] .
The single-cell RNAseq data (GSE63818) were obtained as RPKM estimates and then filtered to exclude genes with extremely low expression (< 0.3 RPKM) or extremely low variance (bottom 1%). For every sample, the gene expression estimates were aggregated by calculating the mean expression in the isolated single cells. The RNAseq expression estimates were mean-centered against the microarray datasets to obtain a similar distribution of values. The mean-variance plot for all common genes from both platforms was used as a quality control and confirms that the results have comparable distributions for most of the expression range.
Class comparison
Differentially expressed genes between groups were identified using the limma package with default options, with gene expression ordered by absolute log fold-change (FC) using a false discovery rate (FDR) of 0.05 or less [22] . These comparisons identified genes whose expression was significantly altered between PGCs, MCN specimens, PDACs, and normal pancreatic tissue. Similarly, we identified genes whose expression was different between PGCs, MBOT, HGSOC, OSE, and FT specimens. Dendrograms were created using hierarchical clustering (hclust) and a Euclidean distance metric on genes expressed by all samples (N = 9626). The most discriminative and statistically significant genes were ordered by log FC and summarized in heatmaps. During the revision of the manuscript, the MOC samples were added and a second distinct analysis was done in order to identify genes whose expression was different between PGCs, MBOT, MOC, HGSOC, OSE and FT specimens. A new gene list was also generated (N = 9626).
Gene set enrichment analysis
Common biologic pathways for the 1000 most similarly expressed genes (as measured by absolute log FC) between PGCs and MCN or PGCs and MBOT were examined by gene set enrichment analysis using DAVID v.6.8 [23] . The top ten gene ontology terms most overrepresented by adjusted P value after a Bonferroni correction are shown.
Laser capture microdissection and RNA extraction for RT-qPCR New samples were selected for validation of gene expression profiles by RT-qPCR. Sections were cut at 4 μm thickness from each sample and stained with hematoxylin and eosin (H&E) for review to ensure proper tissue orientation and histology (JCT and GP). Fresh-frozen samples of HGSOC (n = 5), PDAC (n = 5), and normal pancreatic tissue (n = 5) were macrodissected. The epithelium component from frozen samples of MCNs (n = 4) and MBOTs (n = 4) were laser capture-microdissected using a Leica LMD7000 instrument (Leica Microsystems, Wetzlar, Germany) (see supplementary material, Figure S1 ). Shortly before microdissection, 10 μm sections were cut, adhered onto frame slides, immediately fixed in ethanol 75% for 2 min, stained with hematoxylin, washed in water, dehydrated in graded alcohols, then xylene, and microdissected. RNA was also isolated from immortalized OSE cell lines (n = 2) and immortalized FT cell lines (n = 4) [24] . Total RNA was extracted from 
RT-qPCR
To confirm expression of identified genes, cDNA was synthesized from 150 ng of total RNA using a mix of random hexamers -oligo d(T) primers and PrimerScript reverse transcriptase enzyme (Takara Bio, Inc, Kusatsu, Japan), following the supplier's instructions. SYBR Green assays were designed using the program Primer Express v 2.0 (Applied Biosystems, Waltham, MA, USA) with default parameters. Amplicon sequences were aligned against the human genome by BLAST to ensure that they were specific for the gene being tested. Oligonucleotides were obtained from Thermo Fisher Scientific (Waltham, MA, USA). The efficiency of each design was tested with serial dilutions of cDNA. PCR reactions (10 μl volume) contained diluted cDNA, 2× Power Up SYBR Green Master Mix (Thermo Fisher Scientific), and 300 nM of forward and reverse primers. PCR primers are listed in the supplementary material, Table S2 . PCR reactions were performed on an SDS 7900 HT instrument (Applied Biosystems) with the following parameters: 50 ∘ C for 2 min, 95 ∘ C for 10 min, and 45 cycles of 95 ∘ C for 15 s and 60 ∘ C for 1 min. Each reaction was performed in three replicates on a 384-well plate. Raw C T values obtained with SDS 2.2 (Applied Biosystems) were imported in Excel (Microsoft, Redmond, WA, USA). Normalization factor and fold-changes were calculated using the GeNorm method [25] . Target gene C T values were normalized to β-tubulin (TUBB) and β-actin (ACTB) transcripts.
Chart review of MCN and MOT
Twenty-three cases of MCNs were identified by querying the Brigham and Women's Hospital (BWH) pathology database. All cases were confirmed by a staff GI pathologist (JLH or LAD) to be MCN and not an intraductal pancreatic mucinous neoplasm (IPMN), mucinous adenocarcinoma, or other form of pancreatic neoplasm. Medical charts for the cases were reviewed to extract clinical data after approval by the BWH Institutional Review Board (Protocol 2013P000553). MOT cases were identified from the New England Case Control (NECC) study as previously described [26] . In brief, cases were enrolled from July with residents' lists for older controls. About 10% of households contacted had an eligible control and of these, 421 (72%) agreed to participate.
Statistical methods
Unless specified otherwise, all statistical tests were performed in R v.3.4.3 using P value correction for multiple comparisons to account for the false discovery rate (FDR) [17] . Clinical characteristics of patients with MCN and MOT were compared using a z-test for population proportions. Median fold-changes of gene expression from RT-qPCR data were compared using a pairwise Student's t-test.
Results
Clinical presentation for patients with mucinous ovarian tumors or mucinous cystic neoplasms
We performed a chart review to investigate clinical similarities between patients with MOTs or MCNs. From BWH, we identified 23 cases of MCNs. Tumors occurred exclusively in women (Table 1) . Compared with the cases in the NECC study, women with MCNs were similar in terms of age, smoking history, and stage at diagnosis. The only notable difference appeared to be in racial distribution, as a larger proportion of MCNs than MOTs were diagnosed among non-white women. PGC samples. The dendrogram in Figure 2A shows the unsupervised hierarchical clustering of all 66 samples based on the expression of 9626 genes (the intersection of available genes over all datasets Figure 2B ). It clearly demonstrates important similarities between PGC and MCN samples, compared with normal pancreas and PDAC. Importantly, the single-cell PGC RNA sequencing dataset and array expression PGC dataset are highly concordant, emphasizing the consistency of these gene expression profiles. Together, these data suggest that global gene expression in MCNs more closely resembles that of PGCs rather than normal pancreatic tissue or other pancreatic tumors.
Similar gene expression profiles for MCNs of the pancreas and PGCs
We used limma and a cut-off at a FDR of 0.05 to identify common differentially expressed genes between the MCN and PGCs samples on the one hand and the PDAC and normal pancreatic tissue samples on the other hand. The list of 1000 top differentially expressed genes are listed in the supplementary material, Dataset S1. Gene set enrichment analysis of the shared gene sets between MCNs and PGCs showed overrepresentation of genes related to phosphoproteins (see supplementary material, Table S3 ).
Similar gene expression profiles for MOTs and PGCs
Unsupervised hierarchical clustering was performed from microarrays of eight MBOTs, 24 FT and six OSE samples, 13 HGSOCs, and seven PGCs. The dendrogram in the supplementary material, Figure S2A represents the unsupervised hierarchical clustering of all 58 samples. MBOT samples were aligned more closely with PGCs than OSE, whereas HGSOCs grouped with either OSE or FT samples. The heatmap summarizes differentially expressed genes in each sub-group of samples (see supplementary material, Figure S2B ). It indicates that MBOT and PGC samples have important similarities and are more distantly related to OSE, HGSOCs, and FT, respectively. MBOTs are closely related to MOCs and a continuum appears to be present from borderline to carcinoma, which is different from other epithelial EOCs [27] . Thus, we questioned whether MOCs resemble PGCs. Unsupervised hierarchical clustering was performed from microarrays of eight MBOTs, nine MOCs, 24 FT and six OSE samples, 13 HGSOCs, and seven PGCs. MBOT and MOC samples clustered together and were aligned more closely with PGCs than OSE ( Figure 3A,B) . These data suggest that global gene expression in MOTs more closely resembles that of PGCs than Müllerian epithelia. The normal FT cells clustered closely with HGSOCs, adding further evidence to the theory that FT cells give rise to most HGSOCs [24, 28, 29] . Genes similarly expressed among MBOTs, MOCs, and PGCs versus HGSOCs, OSE, and FT were selected using limma at a FDR of 0.05. A complete list of the 1000 top genes is shown in the supplementary material, Dataset S2. Gene set enrichment analysis again showed a high percentage of phosphoproteins (see supplementary material, Table S4 ).
Shared gene expression among PGCs, MCNs, and MOTs
By comparing the lists of genes generated in the supplementary material, Datasets S1 and S2, we observed that many genes had similar expression patterns shared among the MOTs, PGCs, and MCN samples. Genes differentially expressed between MOTs (MBOTs and MOCs), MCNs, and PGCs, and the pancreatic and adnexal eutopic normal and tumor samples were selected and ordered by log FC (see supplementary material, Figure S3) . A complete list of the 411 most differentially expressed genes among all the mucinous tumor types and PGCs versus other tissue types is shown in the supplementary material, Dataset S3. Three genes highly expressed and common among MOTs (MBOTs and MOCs), MCNs, and PGCs were CPM, RHOB, and ASPN. To validate the microarray results, these three genes were selected for RT-qPCR analysis. Expression levels for the three genes were determined on independent samples, not included in the microarray analyses. In agreement with our microarray data, MCNs were found to express higher levels of ASPN, RHOB, and CPM compared with normal pancreatic tissue or PDAC, although only RHOB compared with PDAC reached statistical significance (p = 7.2 × 10 −3 ) ( Figure 4A ). Consistent with our profiling data, MBOT samples expressed much higher levels of ASPN compared with OSE (p = 10 −5 ), FT (p = 4.3 × 10 −5 ) or HGSOC (p = 3.14 × 10 −3 ). RHOB was also strongly expressed by MBOTs and this was statistically significant compared with OSE (p = 3.8 × 10 −4 ), FT (p = 1.3 × 10 −4 ) or HGSOC (p = 0.01). CPM was not tissue-specific ( Figure 4B ). Since our RT-qPCR data were obtained on specimens distinct from those of the microarray data, our observations suggest that RHOB and ASPN could be specific new markers for these mucinous neoplasms.
Discussion
MOTs and MCNs are both rare, indolent mucinous neoplasms with a propensity to develop in young women who smoke. They share common epidemiologic, clinical, morphologic, and genomic features. The histological presence of a unique ovarian-type stroma is mandatory to diagnose MCNs and distinguishes MCNs from other pancreatic neoplasms [30] . MCNs nearly always occur in the body or tail of the pancreas, and unlike PDAC, do not communicate with the pancreatic ducts. Likewise, MOTs are unique among ovarian tumors in that they usually arise within large parenchymal cysts, not along the Fallopian tube-ovarian interface. The tumors share expression of CK7, and unlike gastrointestinal tumors, have only variable expression of CK20 and do not express MUC2 [31] . The stroma of MOTs and MCNs also show similar expression patterns for sex hormone receptors [32] . Here, we consider the possibility that MOTs and MCNs could derive from a common embryologic precursor, PGCs. Approximately 100 PGCs start the journey but by the time they arrive at the gonads, they number about 1700 because they proliferate en route [33] . MCNs could arise from some PGCs that stop in the body or tail of the pancreas during their migration to the gonads. Thus, embryological remnants of PGCs that stopped in the body/tail of the pancreas would give rise to MCNs, whereas MOTs would develop from PGCs that reached the ovaries ( Figure 5A,B) . ovarian mucinous tumors also resembles PGCs. Validation on independent samples and by RT-qPCR of the microarray data for selected genes further strengthens our microarray analysis.
We acknowledge several limitations of our study. First, while we offer several observations to advance the theory that MOTs and MCNs share a common cell of origin, we cannot exclude convergent evolution of pancreatic and ovarian cells to a common PGC-like phenotype. Second, we have used bulk pancreas as a control. Microdissected pancreatic ductal epithelium would be more ideal, but this is technically challenging as pancreatic enzymes degrade the quality of RNA. Third, we did not investigate the expression of specific PGC markers. This important question needs to be addressed in future work.
This hypothesis can explain many characteristics of MCNs and MOTs: their rarity; their development outside the normal epithelial interfaces; and their clinical, histological, and molecular similarities [30] . Although not profiled in this study, MCNs of the liver and kidney have similar clinical and pathological characteristics of pancreatic MCNs (almost exclusively in young women and the tumor having two components: mucinous epithelium associated with ovarian-like stroma). These could similarly arise from PGCs stopping in the right part of the abdomen (specifically the left lobe of the liver) or retroperitoneum [35] [36] [37] . Likewise, another rare tumor that arises mainly in young women and is located on the PGC migration trajectory is the mixed epithelial stromal tumor (MEST). These tumors develop in the kidney and rarely contain mucinous epithelium, and the epithelial elements are always PAX8-positive; however, like MCNs, MESTs are always associated with ovarian-like stroma and occur almost exclusively in middle-aged females [38] . Nevertheless, several questions remained unanswered: why do MCNs develop only in women since PGCs have the same migration process in male and female embryos? And why are these epithelial tumors mucinous rather than other histological subtypes? It is possible that exposure to female hormones, smoking, and other factors yet to be identified play an important role in the pathogenesis of MCNs.
Our microarray and RT-qPCR data on two independent cohorts suggest that RHOB and ASPN are common among MOTs, MCNs, and PGCs. Deregulations of these genes have been observed in several types of tumors. RHOB codes for Ras homolog B (RhoB) protein, a Rho family GTPase that is itself a subset of the Ras superfamily. RhoB plays an important role in cell migration, membrane trafficking, cell proliferation, and DNA repair. RhoB alteration seems crucial for the response of Ras-transformed cells to farnesyltransferase inhibitors [39] . Because KRAS is frequently mutated in MOTs [7] and MCNs [8] , it would be interesting to investigate whether KRAS mutations correlate with RHOB expression. correlates with disease progression [42] . Certainly, these data need further validation in larger cohorts and at the protein level to elucidate this relationship further.
In conclusion, we present molecular data that may provide a better understanding of the pathogenesis of mucinous ovarian and pancreatic cystic tumors. Our data support the hypothesis that MOTs resemble MCNs of the pancreas at the macroscopic, microscopic, and molecular levels, and share a possible common cell of origin in PGCs. Knowledge of the cell of origin may accelerate translational and clinical research for these rare diseases. Table S1 . Published datasets used in array expression analysis Table S2 . Primers for RT-qPCR Table S3 . Gene set enrichment analysis for genes highly expressed by PGCs and mucinous cystic neoplasms of the pancreas Table S4 . Gene set enrichment analysis for genes highly expressed by PGCs and mucinous ovarian tumors Dataset S1. Top 1000 genes highly expressed by PGCs and mucinous cystic neoplasms of the pancreas
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